Reverse electrodialysis (RED) is a method for directly extracting electrical energy from salinity gradients, especially from sea and river water. For the commercial implementation of RED, the electrode system is a key component. In this paper, novel electrode systems for RED were compared with existing systems on safety, health, environment, technical feasibility and economics. Systems with inert DSA-type electrodes and a NaCl-HCl supporting electrolyte with the reversible Fe 2? /Fe 3? redox couple or the [Fe(CN) 6 ] 4-/Fe(CN) 6 ] 3couple achieved the highest ranking. Improvements of the electrode system are also discussed like the use of special stable metal electrodes, graphite electrodes, other reversible redox couples, capacitive electrodes and electrolytes with carbon particles.
gradient power (SGP). The energy that theoretically can be generated per m 3 river water is 1.7 MJ when mixed with the same volume sea water or even 2.5 MJ when mixed with a large surplus of sea water [1] . Post et al. proved experimentally that it is possible to convert 85% of this potential energy into useful electricity [2] . Wick and Schmitt [3] estimated the total global salinity power to be 2.6 TW, which is sufficient to supply the global electricity demand (2 TW) or 16% of the total present energy consumption [4] .
There are two membrane technologies capable of converting this potential energy into electricity: reverse electrodialysis (RED) [5] [6] [7] and pressure retarded osmosis (PRO) [8, 9] . Both PRO and RED are sustainable technologies without CO 2 or other emissions. The only product is brackish water which is also formed when a river flows directly in the sea. Moreover, there is no thermal pollution: the conversion of entropy into electrical energy causes a slight decrease of the water temperature of about 0.1 K if all the potential energy is extracted [10] . Post et al. [11] showed that in the case of using seawater with river water, RED is a good choice. In 1954 Pattle already [5] [6] [7] showed the opportunities of this method.
A RED stack consists of a large number of cells. An example of a RED stack with only one cell is shown in Fig. 1 . The cell consists (from left to right in the figure) of an anion exchange membrane (AEM), a sea water compartment, a cation exchange membrane (CEM) and a river water compartment. On the right side, the stack contains an extra AEM. The ions in the sea water diffuse through the membranes to the river water: the Na ? ions through the CEM and the Clions through the AEM. The positive Na ? movement to the right and the negative Clmovement to the left add together to a positive ionic current to the right. The electromotive force of such a cell is 175 mV if pure NaCl solutions are used of 1 and 30 g l -1 and ideal membranes are applied; practical cell voltages under conditions of maximal power generation are about 60 mV [1] . In practice, a large number of cells (N) is used, in the range from 50 in laboratory equipments to 1000 or more in commercial RED plants [1] .
The N cells together are designed as 'generating system' (GS). At the electrodes, the ionic current is converted into an electron current. The electrode system (ES) consists at least of four parts: (i) electrodes, (ii) anolyte and catholyte, (iii) outer membranes, and (iv) technical equipment for recirculating the electrode rinse solution. Eventually the electrode rinse solution (pH etc.) is controlled by an additional system.
In principle, the recirculation system of the electrode rinse solution can cause short-circuiting of the RED stack. However, if the resistance of this recirculation system is much higher then the internal resistance of the stack, this effect can be ignored. This can be done by applying relatively long tubes to the recirculating system.
The electrode system as shown in Fig. 1 is equipped with inert electrodes with a reversible redox couple containing Fe 2? /Fe 3? ions in a NaCl-HCl supporting electrolyte. The potential difference needed for reduction of Fe 3? to Fe 2? on the cathode is counterbalanced by the oxidation of Fe 2? to Fe 3? at the anode. Under zero current conditions, the total cell electromotive force (EMF) is obtained at the working electrodes. The Fe 3? /Fe 2? ratio is kept constant by recirculation the combined anolyte and catholyte through the electrode compartments. This type of redox system is called a homogeneous charge transfer reaction because all reactants are present in the same phase. In order to reduce the relative power loss of the electrode system, RED stacks should have a large number of cells.
In literature many electrode systems are described for RED. These systems are all used on laboratory scale and none of these systems has been evaluated for its practical applicability on a real scale. Many aspects of the electrode system are important for its operation: electrochemical reactions, energy consumption, transport through the membranes of the electrode system, reversibility etc. The objective of this paper is to compare these electrode systems for their suitability for RED. The evaluated systems include those already described in literature, but also contains electrode systems as used in supercapacitors, redox flow battery, electrodialysis and capacitive deionization, which might also be useful for RED. 
Classical systems
To be fair to the pioneers of RED, it should be mentioned that their electrode systems were designed for laboratory use and were not developed for real applications. However, we have used their systems in our comparison because their solutions vary so widely. Table 1 shows the different published electrode systems for RED. These electrode systems can be classified into two groups: with or without opposite electrode reactions. First, for systems with opposite electrode reactions and a recirculating electrode rinse, there is no net chemical reaction. These systems have a zero equilibrium voltage. A RED system with such an electrode system can generate electrical energy with only a few cells because there is no energy consumption for a net chemical reaction. Another advantage is that there is no loss of chemicals (except for transport through the outer membranes) and no gas production. Pattle [6, 7] used copper gauze electrodes in a CuSO 4 solution. On the cathode the dissolved Cu 2? was reduced to metallic copper and at the anode the copper was oxidized to Cu 2? . With a typical RED current density of 5 mA cm -2 this effect on the thickness of electrodes is about 2 mm per week. Jagur-Grodzinski and Kramer [12] and Audinos [13, 14] used zinc electrodes with a ZnSO 4 electrode rinse solution. In another experiment Audinos used Ag/AgCl electrodes in a NaCl solution [13, 14] .
Overview
In all these processes the electrodes play an active role in the redox process: one electrode is growing and the other is dissolving. In such systems the feed waters should be interchanged periodically to invert the direction of the electrical current and with that the electrode processes. This imposes limitations on the stack design: the stack should be equipped with identical sea and river water compartments. A less attractive solution is to mechanically perform the periodical interchange of anode and cathode.
This reversal can be avoided by taking a homogeneous redox couple with inert electrodes. This may be platinized titanium for both electrodes, special coated titanium for specific anode and cathode and carbon or steel for the cathode. Jagur-Grodzinski and Kramer used platinized carbon electrodes in their so called 'REF system', a combination of a RED system and the electrode system of a fuel cell. At the anode water is oxidized to O 2 and at the cathode oxygen from air is reduced to water. Because the electrode solution contained NaCl, it is also possible that Cl 2 is evolved at the anode. Veerman et al. used a system with FeCl 2 and FeCl 3 in a NaCl bulk as described in Sect.
2.2.1, the system K 4 Fe(CN) 6 with K 3 Fe(CN) 6 in a NaCl bulk [1, 15] and also a H 2 /Cl 2 generating system with only NaCl [10] .
Second, the alternative for the systems with opposite electrode reactions are the systems with gas generation. The disadvantage of these systems is the loss of energy due to these reactions; a significant number of cells should be used to overcome the cell equilibrium voltage before electricity production is possible. On laboratory scale the problem can be solved by using a small number of cells together with an external power supply. The virtual RED voltage (the voltage without the losses at the electrodes) is obtained from a pair of reference electrodes in the electrode compartments near to the outer membranes. Weinstein and Leitz [16] , Wick [17] , Loeb [18] , Metha [19] and Suda et al. [20] reported such systems. At the cathode hydrogen is evolved and at the anode chlorine is evolved if a NaCl solution (or sea water) is used in the electrode compartments. A possible succeeding reaction is hypochlorite and chlorate formation [21] . Turek et al. avoided the formation of chlorine by using an electrode rinse solution with Na 2 SO 4 [22, 23] . In this case oxygen is generated at the anode.
Membranes of the described electrode systems
The sequence of the membranes in a RED stack is always alternating, but for the outer membranes-confining the electrode system-there are some requirements. The systems described in literature are given in Table 1 . Some authors (Weinstein and Leitz [16] and Suda et al. [20] ) used seawater in the electrode compartments and applied two different outer membranes, ensuring in this way an alternating system of sea and river water compartments. However, the generated Cl 2 and ClOare discharged into the sea water which is unacceptable from the viewpoint of safety, health and environment (SHE). Also the formation of Cl 2 requires the application of chlorine resistant outer membranes.
Another possibility is to use a closed electrode system. Veerman et al. [15] used a closed electrode rinse containing NaCl with CEMs as outer membranes. In this case the negative ClOis confined together with the Cl 2 in the electrode rinse. Although there is no direct discharge of these products to sea water, the problem of disposing these chemicals is not solved. Pattle [7] used a CuSO 4 solution and in Table 1 it is seen that the Cu 2? -ions are maintained in the electrode compartments by the outer AEMs. Al though an AEM (with positively fixed charges) is slightly permeable for monovalent (positive) co-ions, the bivalent positively charged Cu 2? -ions are strongly excluded and Cu 2? -loss is expected to be relatively low but not to be negligible in terms of SHE. The SO 4 2in the electrode is the anode, cathode, cation exchange membrane and ‡ anion exchange membrane. The repeating unit is underlined.S stands for sea water and R for river water. Direction of the ions through the membranes is designated by arrows system will be exchanged rapidly for Clfrom the sea water. This exchange has no effect on the functioning of the system as long as the Cu 2? ions stay in the electrode compartments. Jagur-Grodzinski and Kramer [12] also used active metal electrodes (zinc) but their design was improved by taking Clas anion. Turek and Bandura [22] described a system with a Na 2 SO 4 electrode rinse in combination with anion exchange outer membranes, evolving H 2 at the cathode and in first instance O 2 at the anode. In such systems the SO 4 2can be exchanged for Cl -. This can cause generation of Cl 2 because after some time there is enough Clin the electrode rinse solution ([5 g l -1 ) to generate Cl 2 .
We conclude: if there is a closed electrode rinse loop, it is possible to contain only one type of ion (anion or cation) in the combined electrode compartments. In this case, the outer membranes should be of the same kind (both AEM or both CEM) and the ionic charge transport between the water compartments to the electrode rinse solution is done respectively by Clor by Na ? .
Self-developed systems
In our laboratory, we used three different electrode rinse solutions, always with the same DSA (dimensionally stable anode) type electrodes: titanium mesh electrodes, coated with Ru-Ir mixed metal oxides. These electrodes are suitable as anode as well as cathode and therefore current reversal is allowed. The first electrode rinse solution was unpractical for laboratory use; the other two are described in the different articles on RED performance [1, 10, 15].
Fe 2? /Fe 3? in NaCl-HCl
In order to avoid the large overvoltages of gas generating systems, we first used the system Fe 2? /Fe 3? in a NaCl bulk together with the mentioned inert electrodes. For an electrode rinse containing FeCl 2 (0.05 mol l -1 ), FeCl 3 (0.05 mol l -1 ) and NaCl (0.5 mol l -1 ), the resulting pH was 2.4. The disadvantage of this system is that O 2 oxidizes Fe 2? to Fe 3? and H ? diffuses through the outer membranes, both causing an increase of the pH. After prolonged use, the electrode rinse solution obtained a red brownish color which can be explained by the formation of iron(III) oxyhydroxides. Oxidation can be prevented by means of an airtight system and the formation of insoluble salts can be avoided by controlling the pH to a low value (\2.3) by the addition of HCl. However, buffering with HCl is difficult because anion exchange membranes are somewhat permeable for H ? and a constant supply of HCl is necessary. In this way the pH of the effluent decreases that which is unacceptable from an environmental viewpoint. A possible solution is the use of an external electrodialysis system with bipolar membranes, generating NaOH as well as HCl. The NaOH can be directed to the output stream and the HCl to the electrolyte. This process is pH neutral and there are no environmental implications. An internal electrodialysis system with bipolar membranes (built in the RED stack) for the same purpose is patented by Hamelers et al. [24] .
For the development and testing of RED systems in the laboratory the Fe 2? /Fe 3? appeared to be rather unpractical. Therefore, we changed to a quite stable system: the iron hexacyanoferrate system:
This system is described in former articles [1, 15] . Again, the inert electrodes were used as described in Sect. 2.2. To prevent loss of the iron complex we used CEMs as outer membranes. As long as the electrolyte is not in contact with the AEMs, there are no problems to be expected. However, in case of internal leakages, hexanoferrate ions may poison the AEMs in the stack by irreversible binding, eventually resulting in a decreased performance [25] .
NaCl
To prevent the poisoning of the membranes, we changed to a pure NaCl solution in the electrode compartments. With this system, we characterized some membrane pairs for the use in RED stacks [10] . By applying CEMs as outer membranes, the generated Cl 2 and OClwas kept within the electrode system.
2.3
Proposal for a novel system: Fe 2? /Fe 3? in NaCl-HCl with graphite electrodes
The formerly used DSA type electrodes (as described in Sect. 2.2) are designed for gas generation with low overvoltages. However, in our electrode systems with a reversible redox couple (the Fe 2? /Fe 3? system and the [Fe(CN) 6 ] 4-/ [Fe(CN) 6 ] 3system) gas evolution is undesirable. Therefore, we suggest the use of graphite electrodes in these systems. Graphite electrodes have been extensively studied for use in redox flow batteries. One of these energy storage systems-the Fe/Cr system-uses the Fe 2? /Fe 3? couple in the positive half-cell at low pH. It appears that this system is well reversible in electrochemical sense [26] . Graphite felt is tested until current densities of 700 mA cm -2 [27] whereas the optimal current density at RED is much lower; Veerman et al. reported 4 mA cm -2 for their experiments whereas an improvement with a factor 5 is expected in the future with high performance membranes and spacers [1] .
Advantages of carbon electrodes to Ti/Ru/Ir electrodes are:
-No use of exhaustible precious metals.
-High overpotentials for gas formation.
There is no risk of evolvement of dangerous and aggressive gasses (H 2 , O 2 and Cl 2 ). Even with a reversible redox couple this may be the case if the flow of the electrode rinse solution is obstructed locally.
A disadvantage of graphite may be the lower mechanical stability with respect to DSA-type electrodes during longer operation times and the need for a proper current collecting system. Therefore, graphite electrodes may be advantageous for the Fe 2? /Fe 3? system as well as for the [Fe(CN) 6 ] 4-/[Fe(CN) 6 ] 3system. We added such systems to Table 3 (column 11 and 12). The rather good end scores encourages further research on these systems.
Symmetry in RED stacks
If the sea and river water inlets of a RED stack are interchanged, the polarity of the generated voltage is reversed. Consequently, the performance of the RED stack is unaltered if the generating system (GS) and the electrode system (ES) are both symmetrical. It is evident that the symmetrical properties of GS and ES are related.
Reversal of the electrical current
For some electrode systems periodical reversal is obligatory as for systems with participating (one dissolving and one growing) electrodes. These electrode systems are designated as 'obligatory reversal' or ES 1 . Other systems consist of 'universal' electrodes where reversal is possible but not obligatory and are called 'facultative reversal' or ES 2 . A third case consists of the specific electrodes that are only suitable as cathode or as anode and in which reversal of the electrical current is not possible. These are denoted as forbidden interchange or ES 3 .
Interchange of the feed water in RED stacks
Just as with the electrode system, we distinguish for the generating system between three types: GS 1 : obligatory interchange In RED, growth of microorganisms in the stacks may be a serious problem. One approach to prevent this, is the periodical interchange of the river and sea water inputs. A comparable method is used for normal electrodialysis for desalination purposes and is called 'electrodialysis reversal' (EDR) [28, 29] . From experiments in the future, it may be proven that such a procedure is necessary and we denote this system as 'obligatory interchange'' or as GS 1 .
GS 2 : facultative interchange If it should be proved that feed water interchange is not beneficial for prevention of microbial growth or for breaking down polarization layers, then this interchange is not obligatory. If, besides that, the GS is symmetrical (with identical sea and river water compartments), the interchange of sea and river water is also not forbidden. In this case we have a 'facultative interchange' system or GS 2 .
GS 3 : forbidden interchange Bottlenecks in stack design for RED are the hydrodynamical fluid resistance in all compartments and electrical resistance in river water compartments [1] . Optimization can lead to an asymmetric stack: sea water compartments may be thicker than river water compartments to reduce hydrostatic resistance without affecting electrical resistance substantially; also length and width can differ. In such a stack interchanging sea and river water is possible for cleaning purposes but during this interchange the power production is low. We call this a 'forbidden interchange' system GS 3 ; although the adjective forbidden should not to be interpreted strictly.
Voltage losses in electrode systems
Electrode systems introduce a voltage loss in the RED system due to an overpotential, concentration polarization, an ohmic potential and a Nernst potential in each electrode compartment. In RED, current densities are relatively low (in our own experiments about 4 mA cm -2 [1] ) and the losses due to concentration polarization and the ohmic potential are minimal. This is a general property of all studied electrode systems for RED. Further, with respect to voltage losses, these systems can be divided in low, high and medium loss electrode systems.
Low loss In systems with opposite electrode reactions and a recirculating electrode rinse, there is no net chemical reaction and the Nernst voltages on both electrodes cancel each other. In most of these systems no gas reactions are involved and the overpotentials are low. The total voltage loss in the whole electrode system is about 0.1 V; which is comparable to the generated voltage of 1-2 cells.
High loss Electrode systems with gas evolution have higher voltage losses. For the electrolyses of water, the needed voltage based on the Nernst equation is 1.23 V, and the overpotentials are 0.03 V for H 2 and 0.52 V for O 2 evolution at a current density of 10 mA cm -2 [30] , together 1.78 V. Because the typical cell voltage is about 60 mV under power generating circumstances, a number of 30 cells is used to overcome the voltage loss of this electrode system.
Medium loss A special case is the so called 'REF system' of Jagur-Grodzinski and Kramer [12] (system 5 in Table 1 ). At the anode O 2 is evolved and at the cathode O 2 is consumed, so there is no net generation of O 2 . Because there are separated anode and cathode compartments, the net reactions is: H 2 O ? H ? ? OH -. This water dissociation in ions consumes about 15 kJ mol -1 [31] , much lower than the 286 kJ mol -1 as necessary for splitting of water in H 2 and O 2 [32] . Therefore, this system is classified in the category 'medium loss'.
It should be noted that electrode losses are only important in stacks with a small number of cells as in laboratory equipments. In a stack with 1000 cells the loss of a high loss system is only 3%. High loss systems are assessed with minus 1 point with respect to low loss systems (Sect. 3.2.1.5 and Appendix A 5 ).
3 Criteria for electrode systems
Method of assessment
In the assessment of electrode systems, all relevant aspects concerning safety, health, environment (SHE), technical feasibility and economics are taken into account. In total 13 of these aspects were considered. A judgment in a scale from 0 (unacceptable) to 5 (good) is given. Because a commercial RED power plant was never built so far, there is no experience with the different systems under real economical power producing circumstances. Nine different electrode systems for RED are described in literature. To rank the quality of different systems, there are a large number of methods. Data envelopment analysis (DEA) is a powerful method, especially because the different weight factors are determined by the method itself. However, the consequence is that the method is only applicable if the number of systems is larger than the number of the aspects [33, 34] and that is not the case in our current topic.
Often a much more simple system is used: the end result is calculated as the arithmetic mean of the different marks. However, to prevent compensation of bad marks by other good aspects, we achieved the total rating by calculating the geometric mean A of all (n) parts A i . Each aspect A i is judged with a mark in the range from 0 (unacceptable) to 5 (good).
In fact, the geometric mean is closely related to the logarithmic mean with the difference that the first method can cope with zeros and the second method cannot. The advantages of this way of ranking are: (i) unacceptable systems are mentioned (judged as 0 on a single criterion) but always remain at the lowest level of the ranking, (ii) there is no need for ambiguous weight factors (iii) very different variables can be used for different items; even nominal and ordinal data can used together (iv) masking bad properties by averaging with good properties hardly occurs.
For most items, the generating system (N cells of the stack) is independent of the electrode system: each generating system can be combined with each electrode system. An important exception to this rule is the aspect of feed water interchange as discussed in Sect. 3.2.1.1. This aspect requires a separate ranking system for stacks with obligatory, facultative and forbidden river and sea water interchange.
Assessed aspects
In this paragraph, different aspects are summarized. Applied criteria are included in the appendix. Aspects are classified in three groups: (i) technical feasibility (5 aspects), (ii) safety, health and environment (SHE; 5 aspects) and (iii) economics (3 aspects). A larger number of aspects in a group make this group more important in the end score. Sometimes the classification is rather arbitrary. Interchange of the feed water of a GS has consequences for the electrode system: by the reversal of the direction of the electrical current the anode becomes cathode and vise versa. Table 2 shows the scores of the different combinations. All combinations are permitted except GS 3 -ES 1 .
The combination GS 1 -ES 3 is not strictly forbidden because the following reason. Most modern electrodes are designed specifically as cathode or as anode. Cathodes can be made of different materials like stainless steel and graphite; however, the requirements for anodes are much higher than for cathodes. Special mixed metal oxide electrodes based on thin layers of precious metals on titanium can act both as anode and as cathode but their lifetime is severely lowered if current reversal is applied [35, 36] . In some patents for electrodialysis (ED), systems are described with composite electrodes [37] [38] [39] . These electrodes consist of an alternate array of strips of anode and cathode material. The power supply can be connected to the proper array on each side, dependent on the electrical current direction. In this way each used electrode material, as used in normal ED, can also be used also in the EDR mode, an ED method where the current is reversed periodically to prevent scaling on the membranes. Composite electrodes can be used in principle also for RED to cope with current reversal due to interchange of sea water and river water. Therefore, this 'forbidden' combination GS 1 -ES 3 is judged with 1 point. The combination GS 1 -ES 1 is not definitely ideal because the GS and the ES may demand different switch frequencies and therefore, only 4 points are noted. Table 1 , contain only stable inorganic ions. The exception is the electrolyte with the hexacyanoferrate redox system. The complex ions in this solution are able to decompose and to form stable insoluble complexes with many multivalent metal ions with the risk of poisoning the membranes.
Stability of anolyte/catholyte Most anolytes/ catholytes as listed in

Gas formation at the electrodes Gas formation
(Cl 2 and O 2 at the anode and H 2 at the cathode) can cause problems at the electrodes (electrical obstruction) and Cl 2 is highly corrosive. Besides this, Cl 2 formation has a negative environmental value (again called in aspect B 3 ) and H 2 is an explosion hazard (again called in aspect B 1 ).
Participating electrodes
Participating electrodes are already counted at the reversal item. However, dissolving and plating (growing) should be reversible many thousand times. For example, it is known that Zn in this way is a difficult metal and special provisions should be taken with the electrode rinse.
Electrical properties of the electrode system Voltage loss
As stated in Sect. 2.5, electrode systems can cause low, medium or high losses. If at both electrodes opposite electrochemical reactions occur in the same electrolyte, the voltage loss is low; otherwise this loss is high. For a large stack, this voltage loss is a minor problem.
Resistance of the electrode system Electrodes are normally made from good conducting materials. An exception is the Ag/AgCl electrode with a thick AgCl layer where the Ag ? has to diffuse from the solution to the Ag surface. This system was described by Audinos [16, 17] If sea water or NaCl is used in the electrode system without a reversible redox couple, Cl 2 can be evolved at the anode and H 2 at the cathode. If anolyte and catholyte are combined, ClOis formed and there is the possibility of formation of ClO 3 - [21] . Sometimes these products are useful (e.g. as biocide) but mostly they are unwanted. To prevent contamination of the outlet streams with ClOand ClO 3 -, the outer membranes should be of the CEM type. However, due to the non ideal behavior of these membranes, there is also a small transport of these anions into the effluent. If other 'safe' salts (Na 2 SO 4 , NaNO 3 etc.) are used in the electrode rinse solution, there is still the danger of Cl 2 evolvement because Clcan diffuse from the sea water compartment to the electrode compartment through the CEM.
Even in the presence of a redox couple, Cl 2 formation is not excluded totally if Clis present in the electrode rinse solution because the redox couple can be exhausted locally due to obstructions in the flow path in the electrode compartment.
If seawater is used as electrolyte, there is the possibility of a closed electrode rinse loop or an open single pass system. The last system is unacceptable from environmental viewpoint due to the discharge of Cl 2 .
Environment: normal exhaust other chemicals
In principle, ions can be blocked by a proper choice of the outer membranes although blocking of co-ions is not 100%. Especially protons can easily pass the most types of AEMs. Technically, the problems of transport from unwanted species from the electrode compartments to the sea or river water compartments and vice versa can be solved by using double outer membranes. Between these outer membranes a guard electrolyte is recirculated. Disadvantageous is the need of conditioning this guard electrolyte.
3.2.2.5 Environment: accidentally exhaust Loss of anolyte/catholyte may occur by accident: rupture of the outer membranes, human errors and defects in the electrode rinse pumping system are possible causes. The effects of outer membrane damaging can be decreased by using double outer membranes as described above under B 4 . Defects in the electrode rinse system can be controlled by leakage tanks. Moreover, a RED installation is built modular and in event of an accident only a small part of the electrolyte is drained.
Economics
Special provisions for the anolyte/catholyte
The most frequent measures to be taken are:
a pH control At low pH, H ? can diffuse easily through AEMs to the output stream and new H ? should be added to the electrolyte. This can be achieved by adding HCl; an environmentally better way is the use an external electrodialysis system with bipolar membranes generating NaOH and HCl. The NaOH can be directed in the output stream and the HCl to the electrolyte. This process is pH neutral.
b Redox control In redox systems as Fe 2? /Fe 3? , the optimal Fe 2? /Fe 3? ratio is about unity. However, by oxidation by air this ratio may be affected. An airtight system should be used and/or a reduction system should be incorporated.
c Concentration control In fact, each anolyte/catholyte should be controlled, especially electrolytes containing monovalents ions like NO 3 which can be exchanged rapidly with Clfrom the sea water.
Price of the electrodes
Inert electrodes can be made of massive platinum, sometimes with added ruthenium or iridium for mechanical strength. Such electrodes are used in laboratories as measuring electrode or as working electrode in different analytical processes. These electrodes are very expensive and efforts have been made to platinize other metals or carbon in such a way that the inert properties of platinum are combined with the economics of other metals. This resulted in platinum coated titanium with 20-50 g platinum per square meter. These electrodes are rather expensive and not catalytic enough for gas evolving processes. The next step was the invention of the so called 'dimensional stable electrode' (DSA) for the chlor-alkali membrane process [40] .
Modern stable electrodes consist of a metal support (mostly titanium) with a mixed metal oxide (MMO) layer [41] . The MMO consist of two components: one is a catalytic and conducting (e.g. RuO 2 , IrO 2 , PtO 0.12 ), the other is inert and nonconducting (e.g. TiO 2 ). The catalytic part of the electrode cover is developed for special electrochemical purposes like Cl 2 or O 2 evolution. On these electrodes the amount of precious metal is only 10-12 g m -2 . Moreover the price of iridium and especially of ruthenium is much lower than of platinum. This may result in acceptable prizes.
A further reduction of electrode price can be achieved by using partial electrodes: electrodes with a reduced surface by a proper dimensioning of a stretched metal process. In RED, partial electrodes can be used because the current density in the RED process is much lower than in other electrochemical processes for which these electrodes are developed.
Graphite electrodes are rather inexpensive. However, at larger surfaces, current collection may be a problem and results in a higher price.
Lifetime of the electrodes
Marks for the aspects of price (C 2 ) and lifetime (C 3 ) are generally opposite. In our used criteria (Appendix) all DSA type electrodes get the same judgment (mark = 5). The actual lifetime of these electrodes is dependent on current direction (anodic or cathodic use), electrolyte and current density. Fields of application of electrodes with long erasing time are water desalination with electrodialysis (ED) and the chlor-alkali process. In normal ED for desalination, a 5-year life of a platinum plated electrode is normal. Anode life was generally less than cathode life [42] . In fact all modern electrodes are MMO covered on titanium (DSA type). For chlorine evolving DSAs, as used in the chlor-alkali industry, typical current densities are more then 300 mA cm -2 in the membrane cell process [43] . In this case the lifetime of DSAs is guaranteed to be up to 10 years [44] . In contrast, optimal current densities in our RED process were 4 mA cm -2 or possibly 20 mA cm -2 in the future with improved systems [1] . Therefore, life time of chlorine evolving DSAs may be expected to be much more than 10 years for RED. For oxygen evolution, Chen and Chen [45] predicted for their Ti/RuO 2 -Sb 2 O 5 -SnO 2 electrode a life time of 8.3 years at a current density of 20 mA cm -2 and even 27 years at 10 mA cm -2 . These lifetimes are also an indication for use in RED electrode systems. The foregoing refers to unidirectional use of the electrodes. Current reversal (as in EDR) generally decreases electrode lifetime substantially [42, 46] .
Discussion
Described electrode systems
Described electrode systems in literature for RED are not yet suitable for use in economical operated RED systems.
A RED system should fulfill the requirements on safety, health, environment, technical feasibility and economics. In Table 3 the formulated criteria are applied to the different described electrode systems from Table 1 (for GS 1 in bold, for GS 2 regular and for GS 3 in italics). The row 'reversal to the electrical current' (A 1 ) is split up in three parts for the combination of the different generating systems with the electrode system in question. The same goes for the rows with the end-scores and ranks. Table 3 shows that from the described used systems (column 1-10), the iron system with Ti/Ru,Ir electrodes (column 8) is the best system in combination with each of the three generating systems.
The hexacyanoferrate system with the same electrodes (column 9) may be useful in laboratory equipment. The table also indicates that by application of graphite electrodes the score of these systems is approached (column 11 and 12).
Proposal for improved electrode systems
Possible improvements are:
a Use of graphite electrodes As indicated in Sects. 2.3 and 4.1, the use of graphite electrodes in combination with homogeneous redox system like Fe 2? /Fe 3? has good prospects.
b Improved electrodes of the DSA type
-Longer lifetime
For their experiments Veerman et al. [1, 11, 15] used titanium mesh end electrodes, coated with Ru-Ir mixed metal oxides. These electrodes are reversible (i.e. current reversal is possible) and therefore usable for all types of stacks. Lifetime of these electrodes is more than 10 years under the applied current density (4 mA cm -2 ). An improvement of the lifetime with a factor 5 can be achieved with special Ir-MMO (mixed metal oxide) coated titanium anodes and Ru-MMO coated cathodes; another option is to use the extra stability of these electrodes for reducing the cost of these electrodes by decreasing the surface of the electrodes (the so called partial electrodes). A limitation of this system is that frequent current reversal during longer times is not possible with these electrodes.
-High overvoltages for Cl 2 /O 2 evolution
The success of DSA type electrodes is due to a combination of high mechanical and electrochemical stability with good catalytic properties and low overvoltages for special electrode reactions. Especially such anodes are developed for Cl 2 and O 2 generation. However, in a RED process with a homogeneous redox couple (e.g. the Fe 2? / Fe 3? or the system [Fe(CN) 6 ] 4-/[Fe(CN) 6 ] 3-), these reactions are unwanted. Therefore, high overvoltages for gas evolution are favorable to the process. It requires some extra development to realize this with DSA type electrodes.
-Specific composite electrodes for RED For use in normal electrodialysis some systems with composite electrodes are patented [37] [38] [39] . These systems allow current reversal with electrodes which are specifically usable as cathode or anode. In each current direction only one part of each electrode is used. Eventually the unused part can be protected with a low potential difference between this part and the adjacent part in operation.
c New homogeneous redox couple Homogeneous redox systems (e.g. the system [Fe(CN) 6 ] 4-/[Fe(CN) 6 ] 3-) do not cause net chemical reactions and therefore the power losses are low. Most organic homogeneous redox couples involve protons in their reactions and special measures should be taken to control the pH. However, there are many iron complexes and possibly candidates are available that satisfy all mentioned criteria. The use of graphite electrodes may be considered again in this case.
d Capacitive electrodes
The last decades, special high ion absorbing carbon has been developed for use in super capacitors [47] [48] [49] [50] and in capacitive deionization (CDI) [51, 52] . If this material is used as electrode in a RED stack, during a certain time an internal ionic current can persist. The electrodes behave as a capacitor and during that time there is also an external electrical current. After some time, the process should be inverted by changing the sea water and the river water feed. It is obvious that the changing time is related to the residence time in the system. Assuming that time to be 1 min, then a half period (the time between two feed interchanges) should be at least about 60 min. Current RED stacks operate at maximum power output with a current density of about 4 mA cm -2 or 144,000 C m -2 h -1 . The cathode should adsorb then 144,000/F = 1.5 mol Na ? and on the anode the same amount of Cl -(F is the Faraday constant; 1 F = 96,485 C mol -1 ).
Typical specific capacitances are reported of 100-200 F g -1 carbon in aqueous solution [47] [48] [49] [50] . Using the highest value of 200 F g -1 , for an uploading to 1 V, there is 200 F g -1 carbon needed. For a 1-h operation, the electrodes should consist of 720 g carbon per m 2 . This seems a realistic value for further development of such a system.
In principle, the method is very clean and sustainable. Carbon aerogel electrodes may have lifetimes of more than 10 years [53] . A restriction of this system is the obligatory interchange. For optimal performance, the connected load should be adapted continuously during one cycle. This is possible with modern DC-DC converters. For normal electrodialysis, such a system is patented by Wei et al. [54] . Table 3 Ranking the systems described in literature for practical use 6 
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Brogioli succeeded in the reversal of the capacitive deionization (CD) technique [55] . The capacitor is formed by two activated carbon electrodes, immersed in the feed solution, alternately salt and fresh water. When filled with salt water, it is charged, and with fresh water it is discharged. Charging and discharging are promoted by the diffusion of ions and consequently there is a net energy gain.
e Systems with an electrode rinse solution containing carbon particles and/or ion exchange resin particles These systems are described by Kedem et al. for use in normal electrodialysis and patented [56, 57] . The electrode rinse solution contains about 1% active carbon and 1% cation exchange resin in a NaCl solution of about 2%. The authors suggest that this system is based on the reversible system
The H 2 gas, as evolved at the cathode is adsorbed by the carbon and transported to the anode where the reverse reaction proceeds. The involved H ? is transported by the ion exchange resin:
where RH is the resin in the acid form and RNa the resin in the salt form.
The net reaction at the cathode and at the anode is therefore:
RH þ Na þ þ e ( RNa þ 1 = 2 H 2
Conclusions
In this work, self-developed electrode systems and electrode systems described in literature are compared on safety, health, environment, technical feasibility and economics. A robust system of judging the different systems is presented. Applying this system to the described and used systems, a ranking was made of the different electrode systems. It is shown that the applicability of an electrode system is related to the generating system. Three types of generating systems can be distinguished: systems with (i) obligatory, (ii) facultative and (iii) forbidden interchange of the feed water inlets. The highest rankings for all the three generating systems are found for the Fe 2? /Fe 3? couple in a NaCl-HCl supporting electrolyte with bidirectional Ru/Ir covered titanium electrodes.
This system is not ideal and may be improved for application in commercial operating, large scale RED. There are five interesting topics: (i) improved stable metal electrodes (with longer lifetime, suitable for current reversal and high overpotential for gas evolvement), (ii) a new homogeneous redox couple (e.g. an iron complex), (iii) a system with capacitive electrodes, (iv) a system with an electrolyte, containing carbon particles and/or ion exchange resin particles, and (v) the Fe 2? /Fe 3? couple in combination with graphite electrodes. The last improvement seems to be the most realistic alternative; however, duration test should be performed under real RED conditions to prove that it has sufficient mechanical and electrochemical stability.
